Endothelin, a newly discovered endothelial-derived peptide, has been demonstrated in vitro to have potent vasocontractile properties and has been speculated to play a role in vivo in arterial pressure-volume homeostasis. The present studies in anesthetized dogs were designed to determine the action of endothelin on cardiovascular-renal and endocrine function in vivo as in acute arterial pressure-volume regulation. Intravenous infusion of endothelin (50 ng/kg per min) increases arterial pressure by increasing peripheral vascular resistance but in association with an increase in coronary vascular resistance and decreases in cardiac output. Renal blood flow and glomerular filtration rate were markedly reduced in association with a sustained reduction in sodium excretion and an increase in plasma renin activity. Atrial natriuretic factor, vasopressin, and aldosterone were also elevated. These results indicate that endothelin is a potent vasoconstrictor that elevates systemic blood pressure in association with marked decreases in cardiovascular and renal function. This peptide may function as a counterregulatory hormone to the effects of endothelial-derived vasodilator agent(s).
natriuretic factor; CBF, coronary blood flow; CO, cardiac output; CVR, coronary vascular resistance; EDRF, endothelium-derived relaxing factor(s); FENa+, fractional excretion ofsodium; (L)AP, left atrial pressure; MAP, mean arterial pressure; MPAP, mean pulmonary arteof these two substances with opposing vascular effects suggests a complex role ofthe endothelium in the regulation ofvascular smooth muscle and of arterial pressure. Further, vascular tone may also be modulated indirectly by an endothelial effect on the kidney in which renin release is inhibited by EDRF in renal cortical slices (3) .
To date, the effects of endothelin in integrated hemodynamic, cardiovascular, renal, and endocrine function in vivo in the regulation of cardiovascular volume homeostasis, however, have not been determined. Therefore, based on previous in vitro studies of endothelin, this study was designed to determine the integrated response to systemic administration of endothelin with a specific focus on cardiac function as well as renal action and renin activity in the overall cardiorenal regulation of body fluid homeostasis. In addition to plasma renin activity (PRA), the action of endothelin on other vasoactive sodium-regulating hormones was also studied.
Methods
Six male mongrel dogs weighing 18-26 kg were studied. Each dog was fasted beginning 18 h before the acute experiment. Water was available ad lib. Dogs were anesthetized with sodium pentobarbital (30 mg/kg i.v.) with additional anesthetic given as needed to maintain a constant level of anesthesia. Pulmonary ventilation was accomplished after endotracheal intubation by a positive pressure respirator (model 6070; Harvard Apparatus Co., Inc., South Natick, MA) with room air supplemented with 100% oxygen. Respiratory rate and tidal volume were adjusted to body weight.
Polyethylene catheters were advanced centrally from a femoral artery and both femoral veins for measurement of arterial blood pressure and sampling ofarterial blood, and intravenous infusion ofinulin and endothelin. Inulin was infused in isotonic saline at 1 ml/min in a concentration sufficient to establish plasma levels of -50 mg/dl. The left kidney was exposed retroperitoneally and the ureter cannulated for timed urine collections. A calibrated electromagnetic flow probe was placed on the left renal artery and connected to a flowmeter (model FM 5010; Carolina Medical Electronics, Inc., King, NC).
The heart was exposed through a left thoracotomy along the fourth intercostal space. The pericardium was opened and a 1-cm segment of the proximal left circumflex coronary artery was dissected free of surrounding tissue. A calibrated electromagnetic flow probe was positioned on the proximal circumflex coronary artery and connected to a similar flowmeter as described above. Blood flows and arterial pressure were recorded on a strip recorder (model 2200; Gould, Inc., Hous- ton, TX). MN) was advanced from the isolated right external jugular vein through the right cardiac chamber and positioned in a pulmonary artery. Right atrial, pulmonary artery, and pulmonary artery wedge pressures were measured. Cardiac output (CO) was determined in triplicate by the thermodilution technique with a cardiac output computer (model 9510-A, American Edwards Laboratories, Inc.).
Experimental protocol. After completion of surgical preparations and initiation of inulin and isotonic saline infusions at 1 ml/min the dogs were allowed to stabilize for 60 min without intervention. Subsequently, two consecutive 15-min baseline clearances were obtained. Each clearance, either baseline or subsequently with infusion of endothelin, consisted of a 15-min urine collection, measurement of hemodynamic parameters, and the withdrawal of 25 cm of arterial blood for hormone, electrolyte, and inulin determinations. Systemic intravenous infusion of endothelin (0.05 ,ug/kg per min; Peninsula Laboratories, Inc., Belmont, CA) was begun after the baseline clearances. The purity of this peptide is > 95% based upon HPLC analysis. After a 15-min lead-in infusion of endothelin, the first of three consecutive 15-min clearances was begun. The total time of endothelin infusion was 60 min. After the last endothelin clearance period the infusion was discontinued and a 60-min washout period was observed. A final 15-min clearance (recovery) was then obtained to complete the experimental protocol.
Analytical procedures. GFR was measured by the clearance ofinulin. Plasma and urine inulin concentrations were measured by the anthrone method (4). Plasma and urinary sodium concentrations were quantified using ion-selective electrodes (system E2A, Beckman Instruments, Inc., Palo Alto, CA). PRA, aldosterone, and arginine vasopressin (AVP) levels were measured by RIA as previously reported (5). Extracted arterial plasma levels of atrial natriuretic factor (ANF) were measured by an RIA procedure previously described (6) .
Data from the two baseline clearances were combined and the mean values calculated. Data from the endothelin infusion periods and the recovery periods are expressed separately with all data expressed as mean±SEM. Statistical analysis of data was completed by t tests for paired and unpaired observations. Statistical significance was accepted for P < 0.05. Table I summarizes the systemic, cardiac, and pulmonary hemodynamic data during baseline, intravenous infusion of endothelin, and 1-h postinfusion for six normal dogs. Mean arterial pressure (MAP) increased significantly above baseline with endothelin infusion, achieving the maximum increase in pressure after 45 min of infusion (99±7-134±6 mmHg, P < 0.05). Pressure then declined despite continued endothelin infusion and a further increase in systemic vascular resistance (SVR). This was also associated with a significant decrease in CO. i±SEM; n = 6. * P < 0.05. when compared with the endothelin infusion periods. This persistent avid reabsorption of sodium occurred despite an overshoot recovery of GFR. Table III summarizes the endocrine function data for baseline endothelin infusion and 1 h postinfusion periods. ANF was significantly and progressively elevated during endothelin infusion. This increase in ANF was associated with the progressive rise in (L)AP (Table I) . ANF levels decreased at 1 h postendothelin infusion but remained elevated above baseline; this again corresponded to a persistent elevation in (L)AP. PRA was maximally increased with endothelin infusion beginning with the first clearance period (3.7±1.0-7.3±2.3 ng/ml) and returned to baseline level only during the 1-h postinfusion period. The plateaued elevations in renin occurred as ANF levels progressively increased. Aldosterone (Aldo) levels also were elevated progressively with endothelin infusion and remained significantly elevated at 1 h postinfusion. This maximum aldo elevation corresponded to the maximum suppression of FENa+ which also occurred in the postinfusion period (Table II) . AVP level was significantly increased at 60 min of endothelin infusion. AVP then returned to baseline during the 60-min postinfusion recovery period as hemodynamic parameters improved.
Results

Discussion
Intravenous infusion of endothelin produced a significant pressor response with systemic mean arterial blood pressure increasing maximally by 36 mmHg over a 45-min infusion period. This response was associated with a substantial decrease in CO, reflecting the effects of increased cardiac afterload as SVR increased 445% above baseline in association with coronary vasoconstriction. While left circumflex coronary blood flow (CBF) tended to decrease with endothelin infusion, this was not to a statistically significant extent. CVR, however, did increase 300% above baseline, which supports a coronary vasoconstrictive effect by endothelin. The progressive rise in mean (L)AP is also consistent with myocardial ischemia resulting in a depression in inotropic function. The increased afterload may have contributed as well to the progressive decline in left ventricular function but the maximum increase in MAP was not proportionate to the magnitude of left ventricle dysfunction observed; that is, a 37% increase in MAP was associated with a 70% reduction in CO. In contrast, Edwards et al. (5) demonstrated that angiotensin II infusion in the dog, which produced a 20% increase in MAP, resulted in only a 10%16 reduction in CO. The progressive increase in ANF may also have contributed to the further decline in CO observed during endothelin administration, perhaps by an effect to limit venous return. (R)AP, however, remained unchanged.
RBF was dramatically and preferentially reduced by endothelin when contrasted to the reduction in CBF. RBF was reduced to 24% of baseline flow with RVR increasing -sixfold above baseline. This increased resistance was sustained, into the postinfusion period. Renal excretory function was also significantly affected by endothelin. Urine volume and UNa+V were substantially decreased with endothelin infusion, with urine flow returning to baseline but with UNa+V remaining significantly depressed in the recovery period. Neither UNa+V nor FENa+ recovered with cessation of endothelin infusion. This continued avid sodium reabsorption effect may reflect a protracted direct effect of endothelin and/or an indirect effect through the activation of the renin-angiotensin-aldosterone system.
GFR was significantly reduced with endothelin infusion to 2% of baseline. GFR, however, did recover to 24% above (3) . Alternatively, endothelin may serve to activate renin by decreasing delivery of sodium to the macula densa, which is consistent with its action on GFR and proximal tubule reabsorption as GFR decreased in association with an increase in proximal tubule reabsorption. An interaction of renin with ANF is also suggested by these data as PRA was maximally stimulated in the initial period of endothelin infusion and thereafter declined as ANF levels progressively increased. This is based on the recognized action of ANF to inhibit renin activation. The elevated but plateaued levels of PRA may, therefore, reflect the influence of the progressive elevation ofANF. The progressive rise in ANF with endothelin infusion corresponds to the progressive rise in (L)AP also observed with endothelin infusion. This supports previous reports of the mechanism of ANF release through elevation in atrial pressure. The sustained elevation in ANF at 1 h postinfusion is also reflected in the sustained increase in (L)AP. In association with activation of renin, plasma aldo was also increased.
AVP was unchanged during the initial periods of endothelin infusion, but subsequently increased. This occurred despite elevated ANF as well as increased (L)AP, which are both inhibitors of vasopressin release.
In summary, these data demonstrate that endothelin is a potent vasoconstrictive peptide in vivo with a preferential effect on the renal circulation in association with a significant effect upon the peripheral circulation to increase overall systemic resistance. A sustained antinatriuretic effect was also produced by endothelin despite significant elevations in ANF. PRA is also stimulated by endothelin as is AVP. The potential for endothelin to contribute to pathophysiologic states such as hypertension, vasospasm, and congestive heart failure remains to be investigated as does the interaction of endothelin with other endothelium-derived vasoactive agents such as EDRF.
